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Abstract: The aim of this study was to determine the pharmacokinetics of carprofen following intra-
venous (IV), intramuscular (IM) and oral routes to rainbow trout (Oncorhynchus mykiss) broodstock
at temperatures of 10 = 1.5 °C. In this study, thirty-six healthy rainbow trout broodstock (body
weight, 1.45 & 0.30 kg) were used. The plasma concentrations of carprofen were determined using
high-performance liquid chromatography and pharmacokinetic parameters were calculated using
non-compartmental analysis. Carprofen was measured up to 192 h for IV route and 240 h for IM, and
oral routes in plasma. The elimination half-life (t; /5),) was 30.66, 46.11, and 41.08 h for IV, IM and
oral routes, respectively. Carprofen for the IV route showed the total clearance of 0.02 L/h/kg and
volume of distribution at steady state of 0.60 L/kg. For IM and oral routes, the peak plasma concen-
tration (Cmax) was 3.96 and 2.52 pg/mL with the time to reach Cnax of 2 and 4 h, respectively. The
bioavailability was 121.89% for IM route and 78.66% for oral route. The favorable pharmacokinetic
properties such as the good bioavailability and long t; /2, for IM and oral route of carprofen suggest
the possibility of its effective use for the treatment of various conditions in broodstock.
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1. Introduction

Analgesic drugs are indispensable for pain management in mammals; however, their
use in fish remains limited [1]. In recent years, with the increasing awareness of animal
welfare, the management of pain and inflammation in fish under human care has been
emphasized [2]. Although it is believed that there is no pain perception in fish, studies
have shown that they have nociceptors responsible for transmission of painful stimulation,
similar to mammals [3]. In various fish species, adverse changes in behavior and physi-
ology in response to negative noxious stimuli were attenuated by the administration of
analgesics [3]. Analgesic drugs are recommended for surgical operations, trauma-related
injuries, cutaneous ulceration, and inflammatory lesions in fish [4]. Opioids and non-
steroidal anti-inflammatory drugs (NSAIDs) are frequently used for pain control in fish [1].
In clinical trials, opioid use has caused side effects on cardiovascular and respiratory sys-
tems in fish; however, no adverse effects have been reported for NSAIDs [1]. NSAIDs have
reduced postsurgical muscle damage in koi carp and minimal anesthetic concentration in
goldfish and resulted in faster post-pain feeding in rainbow trout [3].

Pain and inflammation are associated with cyclooxygenase enzymes (COX-1 and
COX-2), mostly COX-2, which is involved in the synthesis of prostaglandins (PGs) found
at high levels at inflamed sites [5]. COX-1 is constitutively expressed in most tissues and
synthesizes PGs that play a role in maintaining of normal physiological functions. COX-2
exists in an inducible form and its release increases during the inflammatory process in
different cell types [6]. It has been demonstrated that the COX-2 enzyme, which has been
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identified in many fish species, plays a role in physiological and pathological processes [7,8].
The COX-1 and COX-2 enzymes found in rainbow trout are 77% and 83-84% homologous
to those in mammals, respectively [9]. COX inhibitors, especially COX-2 inhibitors, reduce
increased levels of PGs following the administration of lipopolysaccharides to different
fish immune cells [8].

Carprofen is an arylpropionic acid class NSAID that prevents the synthesis of PGs by
inhibiting the COX enzyme and has analgesic, antipyretic and anti-inflammatory prop-
erties [10,11]. NSAIDs with the COX-1/COX-2 selectivity ratio (the ratio of the NSAID
concentrations required for inhibition of COX-1 and COX-2) of >1 are considered more
potent in inhibiting COX-2 [12]. Carprofen in dog (1.75), cat (25.6) and sheep (5.3-6.3) has
preferentially inhibition on COX-2 with the COX-1/COX-2 ratio of >1 [13-15]. Carprofen
contains a single asymmetrical carbon atom and therefore exists in two isomeric forms, the
S(+) and R(-) enantiomers, and commercially available products of carprofen are racemic
(50:50) mixture of the two enantiomers. Carprofen is recommended for use in cattle, horse,
dog and cat in musculoskeletal pain, surgery or trauma pain, mastitis, respiratory disease
and osteoarthritis [11]. Carprofen showed an analgesic effect in the rainbow trout by
shortening the feeding time period in the painful condition induced by acetic acid [16].

There are commercial formulations of carprofen in injectable and oral, and the use of
carprofen in cattle (IV, SC), horse (IV), dog and cat (IV, SC, IM, oral) is recommended [17,18].
However, there is no drug formulation for the use of carprofen in fish. The development of
new drug formulations should be based on the integration of pharmacokinetic, pharma-
codynamic and clinical efficacy/safety studies [19]. Pharmacokinetics provides a mathe-
matical basis to assess the time course of drugs and their effects in the body. It enables the
absorption, distribution, metabolism, and excretion (ADME) processes to be quantified.
A principal understanding of these parameters is required to design an appropriate drug
dosage regimen for target species [20,21]. Although there are clinical studies of carprofen in
fish, there are no pharmacokinetic studies. Therefore, pharmacokinetic and bioavailability
studies are required to establish drug distribution in the body, calculate the effective and
safe dosage, and determine alternative routes of administration [22].

Although the therapeutic effects of NSAIDs in fish are mostly investigated [1], phar-
macokinetic studies are limited. Pharmacokinetic studies of ketoprofen in rainbow trout,
ketoprofen, and meloxicam in Nile tilapia have reported short elimination half-life [2,23].
Studies in mammals and avian species have determined that the half-life of carprofen is
much longer than those of meloxicam and ketoprofen [24-27]. Superior pharmacological
properties of carprofen such as long elimination half-life, high bioavailability, and low risk
of gastric irritation (ulcerogenic dose/anti-inflammatory dose ratio of 32) are advantageous
(administration at wide dose intervals, less invasive procedures, and less stress and labor)
for use in broodstock [10,28]. We hypothesized that carprofen would be used as a potential
NSAID in rainbow trout broodstock by determining its pharmacokinetics and bioavailabil-
ity for IM and oral routes. The aim of this study was to determine the pharmacokinetics
and bioavailability of carprofen following intravenous (IV), intramuscular (IM) and oral
routes to rainbow trout broodstock at temperatures of 10 & 1.5 °C.

2. Materials and Methods
2.1. Chemical

The analytical standard of carprofen (>97%) was obtained from Sigma-Aldrich (St.
Louis, MO, USA). Methanol (VWR International, Fontenay-sous-Bois, France) was used at
analytical grade for high-pressure liquid chromatography (HPLC). Sodium acetate, n-butyl
acetate, perchloric acid and acetic acid were purchased from Merck (Darmstadt, Germany).
For the IV and IM injection, parenteral formulations of carprofen (50 mg/mL, Rimadyl,
Injection Solution, Zoetis) was used. For the oral administration, tablet formulation of
carprofen (50 mg, Rimadyl, Tablet, Zoetis) was used. The commercial formulations were
diluted to a concentration of 20 mg/mL using sterile water for drug administrations.
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2.2. Animals

In total, thirty-six clinically healthy rainbow trout (Oncorhynchus mykiss) broodstock
with an average body weight of 1.45 £ 0.30 kg were used. Fish were determined to be free
of bacteria and external parasites [29] and visually inspected for signs of illness, trauma, or
poor body condition before inclusion in the study. The fish were procured from a local farm
(Kastamonu, Turkey) and held in six ponds (500 L) in the farm, and each pond contained six
fish. The fish were maintained in the ponds for 2 weeks for acclimatization. The fish were
housed under normal daily lighting conditions and kept in the flow-through spring water
(pH: 8.1 £ 0.2, water temperature: 10 & 1.5 °C). Fish were fed with drug-free commercial
fish feed (Sibal, Sinop, Turkey) every day. Fish were fasted for 12 h before and after drug
administration. The study protocol was approved by the Kastamonu University Animal
Experiments Local Ethics Committee, Turkey.

2.3. Drug Administration and Sampling

The rainbow trout broodstock were randomly divided into three groups equally
according to the IV, IM and oral administrations of carprofen. The rainbow trouts received
carprofen via IV (n = 12, caudal tail vein), IM (n = 12, epaxial muscle), and oral (n = 12,
via the gastric gavage) administration at a dose of 2.5 mg/kg. The drug administration
and blood samples were taken under MS-222 (tricaine methanesulphonate, 200 mg/L)
anesthesia. Blood samples (0.6-0.9 mL) were collected into heparin tubes from the caudal
vein of each animal by use of 22-G needles attached to 2 mL syringes. Blood samples were
collected before carprofen administration (0 h) from all rainbow trout and following the IV,
IM and oral administrations, at 0.25, 1, 4, 12, 48, 96, and 192 h from six trout and at 0.5, 2, 8,
24,72,144, and 240 h from another six trout. Therefore, a maximum of eight blood samples
were collected from each trout for determination of carprofen concentrations. The collected
blood samples were centrifuged at 4000x g for 10 min to obtain plasma and then stored at
—80 °C until analysis.

2.4. Analytical Procedure

The plasma carprofen concentrations were determined using the HPLC-UV (Shi-
madzu, Tokyo, Japan) according to the previous method [24,30]. Briefly, 100 uL of trout
plasma samples were transferred to 2 mL microcentrifuge tubes. Then, 150 uL acetate
buffer (1 M, pH: 2.8) was added to 100 uL plasma and vortexed for 45 s, and 2 mL of
n-butyl acetate was added. The tubes were mixed by vortexing for 45 s and centrifuged at
12,000x g for 15 min. The supernatant was transferred to auto-sampler vials, and 20 uL
of this solution was injected into the HPLC system. HPLC system consists of a pump
(LC-20AT controlled by the CBM-20A), an auto-sampler (SIL 20A), a column oven (CTO-
10A), and a degasser (DGU-20A). The detection of carprofen was performed at 254 nm
with an UV-VIS detector (SPD-20A). A Gemini™ C18 column (250 x 4.6 mm; internal
diameter, 5 pm; Phenomenex, Torrance, CA, USA), which was kept at 30 °C, was used for
chromatographic separation. The mobile phase with a flow rate of 1 mL/min consisted
of methanol (70%) and aqueous solution (30%, containing 50 pL of 0.2% perchloric acid
in water).

Validation was performed according to EMA [31] guidelines for the chromatographic
method. The stock solution of carprofen was prepared in methanol to obtain a concentration
of 1 mg/mL. The stock solution was diluted to prepare working standards (020 pg/mL)
and the calibration standards and quality control samples were prepared. The calibration
standards (0.02-20 pg/mL) were prepared by the addition of different concentrations of
working standard solutions containing carprofen into the blank trout plasma samples. Cor-
relation coefficients for working standard dilutions and calibration standards of carprofen
were determined as >0.9997 and >0.9993, respectively. The lower limit of quantification
was 0.02 ug/mL for carprofen in trout plasma with the coefficient of variation less than
20% and the bias of £15%. The quality control samples of carprofen at low (0.1 pg/mL),
medium (1 pg/mL), and high (10 pg/mL) concentrations were used to determine the
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recovery, precision, and accuracy. The recovery of carprofen ranged from 92% to 102%. The
intra-day and inter-day coefficients of variation and the bias of the assay of carprofen were
<4.4%, <6.2%, and £8.1%, respectively.

2.5. Pharmacokinetic Analysis

The plasma concentration—time curves of carprofen were plotted using WinNonlin
6.1.0.173 software (Pharsight Corporation, Scientific Consulting Inc., Gaithersburg, MD,
USA). Plasma concentrations were presented as mean =+ standard deviation (SD) val-
ues. Pharmacokinetic parameters of carprofen were calculated by the non-compartmental
analysis using mean plasma concentration obtained at each sampling time after IV, IM
and oral administrations [32,33]. The terminal elimination half-life (t;/5),), area un-
der the plasma concentration—time curve (AUC), AUC extrapolated from tj5 to oo in
% of the total AUC (AUCextrap %), mean residence time (MRT), mean absorption time
(MAT = MRTpy oral — MRTyy), total clearance (Clt = Dose/AUC), volume of distribution
at steady state (V5= Clt X MRT) and bioavailability (F = AUCy ora1 X 100/AUCyy) were
determined. The AUCy and AUCyyg ora) Were determined using the linear/log trapezoidal
method and the linear up/log down method, respectively. The peak plasma concentration
(Cmax) and time to reach Cmax (Tmax) were determined via direct inspection on the plasma
concentration—time curves.

3. Results

The semi-logarithmic plasma concentration—time curves and the pharmacokinetic
parameters of carprofen following IV, IM, and oral administrations at a dose of 2.5 mg/kg in
rainbow trout broodstock are presented in Figure 1 and Table 1, respectively. Following the
IV, IM, and oral administration, at the first observational time point (0.25 h), the carprofen
concentration was 14.71 £ 2.16, 1.44 £ 0.36, and 0.16 £ 0.06 pug/mL, respectively. Carprofen
was measured up to 192 h for IV route and 240 h for IM and oral routes in plasma. The
t1 /20, was 30.66, 46.11, and 41.08 h for IV, IM and oral routes, respectively. Compared
to IV administration, tj/p), after IM and oral administration prolonged by 50.4% and
34%, respectively. Carprofen for the IV route showed the Clt of 0.02 L/h/kg and V45 of
0.60 L/kg. For IM and oral routes, the Ciax was 3.96 &+ 0.38 and 2.52 £ 0.26 ng/mL with
the Trmax of 2 and 4 h, respectively. The bioavailability was 121.89% for IM route and 78.66%
for oral route.
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Figure 1. Semi-logarithmic plasma concentration-time curves of carprofen following intravenous
(IV), intramuscular (IM) and oral administrations at a single dose of 2.5 mg/kg in rainbow trout
(Oncorhynchus mykiss) broodstock at 10 £ 1.5 °C (mean + SD, nn = 6).



Pharmaceutics 2021, 13, 990

50f 10

Table 1. Plasma pharmacokinetic parameters of carprofen following intravenous (IV), intramuscular
(IM) and oral administrations at a single dose of 2.5 mg/kg in rainbow trout (Oncorhynchus mykiss)
broodstock at 10 + 1.5 °C.

Parameters v M Oral
t1/onz (h) 30.66 46.11 41.08
AUC jast (h * ug/mL) 157.24 189.47 123.32
AUCp_ (h* pg/mL) 159.49 194.40 125.46
AUCextrap (%) 141 2.54 1.70
MRTy-s (h) 38.55 66.86 58.78
MAT (h) - 28.31 20.23
Clr (L/h/kg) 0.02 - -
Viss (L/kg) 0.60 - -
Crmax (ug/mL) 14.71 £ 2.16 * 3.96 + 0.38 2.52 +0.26
Tmax (h) - 2 4
F (%) - 121.89 78.66

* Plasma concentration of carprofen at first sampling time following IV administration. tj /5),, terminal elim-
ination half-life; AUC, area under the plasma concentration-time curve; AUCexXirap %, area under the plasma
concentration-time curve extrapolated from tlast to co in % of the total AUC; MRT, mean residence time; MAT,
mean absorption time; Clr, total clearance; V4s5, volume of distribution at steady state; Cmax, peak plasma
concentration; Trax, time to reach Cpay; F, absolute bioavailability.

4. Discussion

No adverse effects have been observed in rainbow trout broodstock after intravenous
(IV), intramuscular (IM), and oral administration of carprofen at a dose of 2.5 mg/kg. No
side effects have been reported in clinical studies with other NSAIDs such as ketoprofen
and meloxicam in different fish species [1,2]. The use of carprofen is recommended at a
dose range of 1-5 mg/kg in fish [1,3]. Following acetic acid-induced pain in rainbow trout,
administration of 2.5 and 5 mg/kg of carprofen showed an analgesic effect. However,
because the decrease in the activities of fish at a dose of 5 mg/kg has been reported [16], in
this study, the dose of 2.5 mg/kg was selected. In addition, unlike other pharmacokinetic
fish studies [34-36], repeated blood samples in this study were obtained. A similar design
was used in pharmacokinetic studies of meloxicam and ketoprofen in fish [2,23]. Repeated
handling of animals was quickly done without trauma by experienced personnel. Blood
collections were performed rapidly under anesthesia (MS-222) to reduce possible stress
response. The blood volume in fish is 3-7% of the total body weight, and the amount of
blood taken at the sampling times should not exceed 15% of the total blood volume [37].
Fish were used for sampling 8 times at most and the total amount of blood (<7.2 mL)
collected did not exceed 15% of the total blood volume.

The t; /75, of carprofen following IV administration in rainbow trout broodstock was
30.66 h at 10 £ 1.5 °C, which was similar to the previously reported in cow (30.7 h) [38],
and sheep (26.1-33.7 h) [25], and longer than that reported in dog (8-11.7 h) [39,40], horse
(21.9 h) [28] and cat (15.5 h) [41]. Fish are heterothermic animals and ambient water tem-
perature significantly affects their physiology and metabolism, thus the pharmacokinetics
of drugs [3,42]. The t; /), of drugs in fish is prolonged with decreasing ambient water
temperature [43]. It was surprising that t; /5), of carprofen was not longer in rainbow
trout kept at low water temperature (10 & 1.5 °C) than in mammals species such as sheep
and cow [25,38]. Because the t; /), is a hybrid parameter depending Cly and V4 [44], the
different t; /), of carprofen among species reflects the difference in Clt and V4.

The V44 of carprofen in rainbow trout was 0.60 L/kg, which was larger than that
previously reported in horse, cow, sheep, and dog (0.09-0.23 L/kg) [25,28,38,40]. The bind-
ing of drugs to plasma proteins and body composition affect the distribution volume [45].
Because NSAIDs are highly bound to plasma proteins, their V44 is generally low [46].
The binding ratio of carprofen to plasma proteins is not known in fish, but it is highly
protein-bound (>99%) in mammals [10]. The amount of total plasma protein in trout is half
compared with that in mammals; therefore, the binding ratio of drugs to plasma proteins
in fish is lower than in mammals [37]. Acidic drugs such as naproxen have a lower binding
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ratio to plasma proteins in trout (94.6%) than in mammals (>99.9%) [47]. Because carprofen
is also weakly acidic (pKa: 4.3) [40], its binding to plasma proteins may be low in trout. The
larger V 4¢¢ in rainbow trout may be owing to the variation in body composition (anatomical
and physiological) and in the ratio of binding to plasma proteins between species. The Clt
following IV administration of carprofen in trout was 0.02 L/h/kg, which was similar to
that previously reported in dogs (0.017 L/h/kg) [40], and was greater than that reported in
cows, sheep and cats (0.002-0.005 L/h/kg) [25,38,41]. In fish, the excretion of drugs can
occur through the gills, kidney and bile [48,49]. Carprofen is excreted via urine (8-70%)
and bile (35-75%) mostly as conjugate metabolites after undergoing varying rates of phase
I and phase II reactions in mammals [10,50]. In addition, the ratios and pharmacokinetics
of S (+) and R (—) enantiomers in the body after racemic carprofen administration differed
among species [41]. Although the metabolism of carprofen in fish is unknown, it has been
stated that there are phase I and phase II biotransformation enzymes in fish [37]. Variability
of Clt among species may be due to the difference in enantioselectivity, metabolism, and
excretion pathways of carprofen.

Compared to IV administration, t; /5, after IM and oral administration in rainbow
trout was prolonged by 50.4% and 34%, respectively. The t; /), of carprofen was found to
be similar after oral (6.7-9.3 h) and IV (8 h) administration in dogs and longer after IM (29.4)
administration than after IV (21.9) administration in horses [28,39]. The longer t; /75, after
extravascular administration than after IV administration may result from the flip—flop
phenomenon, precipitation of the drug or physiological changes in fish due to low water
temperature. The flip—flop phenomenon, in which the rate of absorption of a drug is slower
than the rate of elimination, often occurs with extravascular administration. In this case,
the MAT value is expected to be longer than the MRT value after IV administration [51].
However, the longer MAT values than MRT}y obtained in this study do not support the flip-
flop phenomenon. It has been stated that the precipitation or crystallization of carprofen at
the IM injection site in horses can be a depot for continuous absorption [28]. In fish, low
water temperature causes slowing of heart rate, tissue perfusion, and gastrointestinal tract
movements [52,53]. The long t; /»», after the extravascular administration may be due to
the fact that the fish were kept at low water temperature (10 £ 1.5°C).

The Cmax (3.96 pg/mL) of IM route at 2.5 mg/kg dose in rainbow trout broodstock
was lower than that previously reported in horse (2.2 ug/mL, 0.7 mg/kg) [28], and quails
(20.67 ug/mL, 10 mg/kg) [24]. The Tmax of IM route in trout was 2 h, which was longer
than reported in quails (0.29 h) [24] and shorter than reported in horse (10.6 h) [28]. The
Crax (2.52 pg/mL) of oral route at 2.5 mg/kg dose in rainbow trout was lower than that
previously reported dogs (5.43-35.30 ug/mL, 0.7-4 mg/kg) [39] and higher than that
reported in quails (6.53 ng/mL, 10 mg/kg) [24]. The Tmax of oral route in trout was 4 h,
which was longer than reported in quails (0.92 h) [24]. In dogs, the Tmax of oral route
ranged from 1.25 to 3.75 h [39]. The bioavailability of carprofen after IM administration in
rainbow trout was 121.89%, which was higher than that in horse (40-70%) [28]. In trout, the
bioavailability of carprofen after oral administration was good with 78.66%. Carprofen is
well absorbed from the gastrointestinal tract, and its oral bioavailability in dogs and horses
is from 75 to 112% [10,40]. The bioavailability following extravascular administration is
generally <100% [44]. The bioavailability of carprofen after IM administration in trout was
121.89%, which was close to 100%. The bioavailability higher than 100% may be due to
reasons including experimental errors (e.g., analytical artefacts, vehicle effects) and com-
mon mechanistic explanations (e.g., different groups of animals for IV and extravascular
route of administration) [44]. In this study, when experimental errors are ruled out with
controlled study, different groups of animals for IV and IM route of administration might
have result in the observed bioavailability higher than 100%.

The t; /5, of carprofen in different administration groups ranged from 30.66 to 46.11 h,
which was longer than that reported in Nile tilapia for meloxicam (1.36-1.80 h) [23] and in
rainbow trout for ketoprofen (3.91-4.40 h) [2]. Minimal handling is required for medical
treatment in fish to minimize the risk of stress, trauma, and infection [23]. The long
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t1/2az, long-lasting effect and less labor and adverse effects following a single dose of
carprofen favor its use in broodstock. However, the long t; /7, of the drug may increase
the risk of drug accumulation and toxicity on repeated dosing. The temperature-dependent
pharmacokinetics of drug in fish is an important consideration for drug residues. Therefore,
for farmed fish, the withdrawal times based on temperature-dependent residue levels
are determined in degree-days (°C x days) and set a withdrawal period not less than
the minimum of 500 degree-days [42,54]. Because carprofen shows long t; ), in fish,
repeated dosing may result in residual risk and adverse effects. After prolonged exposure
(4-14 days) to NSAIDs (diclofenac, salicylate, ibuprofen, mefenamic acid) following bath
administration, adverse effects on reproduction, osmoregulation, homeostatic functions,
and immunity have been observed in fish [55-58]. There is insufficient data regarding
the safety of carprofen in fish. Thus, the safety of carprofen after single and repeated
administrations should be established before the administration in fish.

In fish, there have been several drug administration routes such as injection, oral, and
bath [59]. Although the administration of drugs via injection is very effective, it is not
practical due to the need for more time and labor such as catching, handling and injecting
large number of fish, and therefore it is generally preferred in broodstock and ornamental
fishes [59,60]. In this study, because the IM administration of carprofen exhibited good
bioavailability and long t; /55,, the commercial formulation of carprofen administered to
fish might be preferred for use in broodstock. The oral administration via gastric gavage
was used to determine the exact dose and to prevent possible drug loss due to feed.
However, the medicated feed is preferred due to the ease of oral administration to fish. In
this study, favorable pharmacokinetic properties (good bioavailability and long t1 /5),) of
carprofen following oral administration can provide fundamental data for the development
of new formulations in the form of medicated feed in fish. In addition, because the bath
administration is the most preferred method for fish due to its ease of application [59,60],
there is a need for new drug formulations of carprofen in the form of bath.

5. Conclusions

The favorable pharmacokinetic properties such as the good bioavailability and long
t1 /22 for IM and oral route of carprofen suggest the possibility of its effective use for the
treatment of various conditions in rainbow trout broodstock. In addition, these properties
may be advantageous such as the administration at wide dose intervals, less invasive
procedures, and less stress and labor for use in rainbow trout broodstock. However, further
studies are required to evaluate the clinical efficacy and safety of administering carprofen
before use.

Author Contributions: K.U., D.D.C., E.T. and O.C. contributed to the conception, experimental
design, analysis, drafted the manuscript, critically revised the manuscript, provided final approval,
and agreed to be accountable for all aspects of work ensuring integrity and accuracy. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study protocol (2021/23) was approved by the Kasta-
monu University Animal Experiments Local Ethics Committee, Turkey and carrried out in accordance
with the European directive (2010/63/UE).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.



Pharmaceutics 2021, 13, 990 8of 10

References

1.  Chatigny, F; Creighton, C.M.; Stevens, E.D. Updated review of fish analgesia. . Am. Assoc. Lab. Anim. Sci. 2018, 57, 5-12.
[PubMed]

2. Greene, W,; Mylniczenko, N.D.; Storms, T.; Burns, C.M.; Lewbart, A.A.; Byrd, L.; Papich, M.G. Pharmacokinetics of ketoprofen in
nile tilapia (Oreochromis niloticus) and rainbow trout (Oncorhynchus mykiss). Front. Vet. Sci. 2020, 7, 585324. [CrossRef] [PubMed]

3.  Sneddon, U.L. Clinical anesthesia and analgesia in fish. J. Exot. Pet Med. 2012, 21, 32—43. [CrossRef]

4. Weber, E.S. Fish analgesia: Pain, stress, fear aversion, or nociception? Vet. Clin. N. Am. Exot. Anim. Pract. 2011, 14, 21-32.
[CrossRef]

5. Arome, D.; Sunday, A.L; Onalike, E.I.; Amarachi, A. Pain and inflammation: Management by conventional and herbal therapy.
Indian |. Pain 2014, 28, 5-12. [CrossRef]

6.  Rajakariar, R.; Yaqoob, M.M.; Gilroy, D.W. COX-2 in inflammation and resolution. Mol. Interv. 2006, 6, 199-207. [CrossRef]

7. Wang, T.; Mai, K.; Ai, Q. A review of cyclooxygenase-2 role in fish. Austin J. Nutr. Metab. 2016, 3, 1037.

8.  Gomez-Abellan, V.; Sepulcre, M.P. The role of prostaglandins in the regulation of fish immunity. Mol. Immunol. 2016, 69, 139-145.
[CrossRef]

9.  Zou,J.; Neumann, N.F; Holland, ].W.; Belosevic, M.; Cunningham, C.; Secombes, C.]J.; Rowley, A.F. Fish macrophages express a
cyclo-oxygenase-2 homologue after activation. Biochem. J. 1999, 340, 153-159. [CrossRef]

10. CVMP. Committee for Veterinary Medicinal Products. Carprofen Summary Report (1). 1995. Available online: https://www.
ema.europa.eu/en/documents/mrl-report/carprofen-summary-report-1-committee-veterinary-medicinal-products_en.pdf (ac-
cessed on 15 April 2021).

11.  Papich, M.G. Saunders Handbook of Veterinary Drugs: Small and Large Animal, 4th ed.Elsevier: St. Louis, MO, USA, 2016;
pp- 110-112.

12.  Hunter, T.S.; Robison, C.; Gerbino, PP. Emerging evidence in NSAID pharmacology: Important considerations for product
selection. Am. J. Manag. Care. 2015, 21, 139-147.

13. Lees, P.; Giraudel, J.; Landoni, M.E; Toutain, P.L. PK-PD integration and PK-PD modelling of nonsteroidal anti-inflammatory
drugs: Principles and applications in veterinary pharmacology. J. Vet. Pharmacol. Ther. 2004, 27, 491-502. [CrossRef]

14. Kay-Mugford, P.; Benn, S.J.; LaMarre, J.; Conlon, P. In vitro effects of nonsteroidal anti-inflammatory drugs on cyclooxygenase
activity in dogs. Am. |. Vet. Res. 2000, 61, 802-810. [CrossRef]

15. Cheng, Z.; Nolan, A.; Monteiro, A.; McKellar, Q. Enantioselective pharmacokinetics and cyclo-oxygenase inhibition of carprofen
and carprofen enantiomers in sheep. J. Vet. Pharmacol. Ther. 2003, 26, 391-394. [CrossRef]

16. Mettam, J.J.; Oulton, L.J.; McCrohan, C.R.; Sneddon, L.U. The efficacy of three types of analgesic drugs in reducing pain in the
rainbow trout, Oncorhynchus mykiss. Appl. Anim. Behav. Sci. 2011, 133, 265-274. [CrossRef]

17.  Norocarp Large Animals. Available online: https:/ /www.hpra.ie/img/uploaded/swedocuments/Licence_VPA22664-074-001_2
5062019084035.pdf (accessed on 1 June 2021).

18.  Hanson, P.D.; Maddison, ]J.E. Nonsteroidal anti-inflammatory drugs and chondroprotective agents. In Small Animal Clinical
Pharmacology, 2nd ed.; Maddison, J., Page, S., Church, D., Eds.; Saunders Elsevier: Philadelphia, PA, USA, 2008; pp. 287-308.

19. EMA. 2014. Available online: https://www.ema.europa.eu/en/documents/scientific-guideline /guideline-pharmacokinetic-
clinical-evaluation-modified-release-dosage-forms_en.pdf (accessed on 1 June 2021).

20. Dhillon, S.; Gill, K. Basic pharmacokinetics. In Clinical Pharmacokinetics; Pharmaceutical Press: London, UK, 2006; pp. 1-44.

21. Nishant, T.; Sathish Kumar, D.; Kumar, A.; Phaneendra, M. Role of pharmacokinetic studies in drug discovery. J. Bioequiv. Availab.
2011, 3, 263-267.

22. Riviere, J.E. Basic principles and techniques of pharmacokinetic modeling. J. Zoo Wildl. Med. 1997, 28, 3-19.

23. Fredholm, D.V,; Mylniczenko, N.D.; KuKanich, B. Pharmacokinetic evaluation of meloxicam after intravenous and intramuscular
administration in nile tilapia (Oreochromus niloticus). J. Zoo Wildl. Med. 2016, 47, 736-742. [CrossRef]

24. Turk, E,; Tekeli, I.O.; Corum, O.; Durna Corum, D.; Kirgiz, F.C.; Cetin, G.; Arslan Atessahin, D.; Uney, K. Pharmacokinetics of
meloxicam, carprofen, and tolfenamic acid after intramuscular and oral administration in Japanese quails (Coturnix coturnix
japonica). J. Vet. Pharmacol. Ther. 2021. [CrossRef]

25.  Welsh, E.M.; Baxter, P.; Nolan, A.M. Pharmacokinetics of carprofen administered intravenously to sheep. Res. Vet. Sci. 1992, 53,
264-266. [CrossRef]

26. Landoni, M.E; Comas, W.; Mucci, N.; Anglarilli, G.; Bidal, P.; Lees, P. Enantiospecific pharmacokinetics and pharmacodynamics
of ketoprofen in sheep. . Vet. Pharmacol. Ther. 1999, 22, 349-359. [CrossRef]

27. Shukla, M.; Singh, G.; Sindhura, B.G.; Telang, A.G.; Rao, G.S.; Malik, ].K. Comparative plasma pharmacokinetics of meloxicam in
sheep and goats following intravenous administration. Comp. Biochem. Physiol. C Toxicol. 2007, 145, 528-532. [CrossRef]

28. McKellar, Q.A.; Bogan, ].A.; von Fellenberg, R.L.; Ludwig, B.; Cawley, G.D. Pharmacokinetic, biochemical and tolerance studies
on carprofen in the horse. Equine Vet. ]. 1991, 23, 280-284. [CrossRef] [PubMed]

29. AFS-FHS. Suggested Procedures for the Detection and Identification of Certain Finfish and Shellfish Pathogens, 5th ed; Fish Health Section;
American Fisheries Society: Bethesda, MD, USA, 2003.

30. Ascalone, V,; Dal Bo, L. Rapid and simple determination of caprofen in plasma by high-performance liquid chromatography with

fluorescence detection. Int. J. Clin. Pharmacol. Ther. 2009, 47, 132-140. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/29402345
http://doi.org/10.3389/fvets.2020.585324
http://www.ncbi.nlm.nih.gov/pubmed/33134366
http://doi.org/10.1053/j.jepm.2011.11.009
http://doi.org/10.1016/j.cvex.2010.09.002
http://doi.org/10.4103/0970-5333.128879
http://doi.org/10.1124/mi.6.4.6
http://doi.org/10.1016/j.molimm.2015.09.022
http://doi.org/10.1042/bj3400153
https://www.ema.europa.eu/en/documents/mrl-report/carprofen-summary-report-1-committee-veterinary-medicinal-products_en.pdf
https://www.ema.europa.eu/en/documents/mrl-report/carprofen-summary-report-1-committee-veterinary-medicinal-products_en.pdf
http://doi.org/10.1111/j.1365-2885.2004.00618.x
http://doi.org/10.2460/ajvr.2000.61.802
http://doi.org/10.1046/j.1365-2885.2003.00498.x
http://doi.org/10.1016/j.applanim.2011.06.009
https://www.hpra.ie/img/uploaded/swedocuments/Licence_VPA22664-074-001_25062019084035.pdf
https://www.hpra.ie/img/uploaded/swedocuments/Licence_VPA22664-074-001_25062019084035.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-pharmacokinetic-clinical-evaluation-modified-release-dosage-forms_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-pharmacokinetic-clinical-evaluation-modified-release-dosage-forms_en.pdf
http://doi.org/10.1638/2015-0253.1
http://doi.org/10.1111/jvp.12972
http://doi.org/10.1016/0034-5288(92)90123-J
http://doi.org/10.1046/j.1365-2885.1999.00209.x
http://doi.org/10.1016/j.cbpc.2007.01.020
http://doi.org/10.1111/j.2042-3306.1991.tb03718.x
http://www.ncbi.nlm.nih.gov/pubmed/1915228
http://doi.org/10.1016/S0378-4347(00)85088-4

Pharmaceutics 2021, 13, 990 90of 10

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

EMA; Committee for Medicinal Products for Human Use (CHMP); European Medecines Agency (EMA). Guideline on Bio-
analytical Method Validation. EMEA /CHMP/EWP/192217/2009. 2011. Available online: https://www.ema.europa.eu/en/
documents/scientific-guideline/guideline-bioanalytical-method-validation_en.pdf (accessed on 15 April 2021).

Terzi, E.; Corum, O.; Bilen, S.; Kenanoglu, O.N.; Atik, O.; Uney, K. Pharmacokinetics of danofloxacin in rainbow trout after
different routes of administration. Aquaculture 2020, 520, 734984. [CrossRef]

Tekeli, 1.O.; Turk, E.; Durna Corum, D.; Corum, O.; Kirgiz, F.C.; Uney, K. Pharmacokinetics, bioavailability and tissue residues
of doxycycline in Japanese quails (Coturnix coturnix japonica) after oral administration. Food Addit. Contam. Part A 2020, 37,
2082-2092. [CrossRef]

Corum, O.; Corum, D.D.; Er, A.; Terzi, E.; Uney, K. Plasma and tissue disposition of dano oxacin in brown trout (Salmo trutta fario)
after intravenous and intramuscular administrations. Food Addit. Contam. Part A 2018, 35, 2340-2347. [CrossRef]

Corum, O,; Er, A.; Corum, D.D.; Atik, O.; Uney, K. Pharmacokinetics and bioavailability of ceftriaxone in brown trout (Salmo
trutta fario) after intravenous and intramuscular administration. Aquaculture 2019, 500, 272-277. [CrossRef]

Corum, O,; Terzi, E.; Corum, D.D.; Kenanoglu, O.N.; Bilen, S.; Uney, K. Pharmacokinetic/pharmacodynamic integra- tion of
marbo oxacin after oral and intravenous administration in rainbow trout (Oncorliynchus mykiss). Aquaculture 2020, 514, 734510.
[CrossRef]

Kleinow, K.M.; Margaret, O.].; Lech, J.J. Drug Pharmacokinetics and Metabolism in Food-Producing Fish and Crustaceans: Methods and
Examples; A.C.S. Publications: Washington, DC, USA, 1992; pp. 98-130.

Lohuis, J.A.; van Werven, T.; Brand, A.; van Miert, A.S.; Rohde, E.; Ludwig, B.; Heizmann, P.; Rehm, W.F. Pharmacodynamics
and pharmacokinetics of carprofen, a non-steroidal anti-inflammatory drug, in healthy cows and cows with Escherichia coli
endotoxin-induced mastitis. J. Vet. Pharmacol. Ther. 1991, 14, 219-229. [CrossRef]

McKellar, Q.A.; Pearson, T.; Bogan, J.A.; Gaibraith, E.A.; Lees, P.; Ludwig, B.; Tiberghien, M.P. Pharmacokinetics, tolerance and
serum thromboxane inhibition of carprofen in the dog. J. Small Anim. Pract. 1990, 31, 443-448. [CrossRef]

Schmitt, M.; Guentert, T.W. Biopharmaceutical evaluation of carprofen following single intravenous, oral, and rectal doses in
dogs. Biopharm. Drug Dispos. 1990, 11, 585-594. [CrossRef]

Taylor, PM.; Delatour, P.; Landont, EM.; Deal, C.; Pickett, C.; Aliabadi, F.S.; Foot, R.; Lees, P. Pharmacodynamics and enantioselec-
tive pharmacokinetics of carprofen in the cat. Res. Vet. Sci. 1996, 60, 144-151. [CrossRef]

Toutain, P.L.; Ferran, U.; Bousquet-Melou, A. Species differences in pharmacokinetics and pharmacodynamics. In Comparative and
Veterinary Pharmacology; Cunningham, E, Elliott, J., Lees, P, Eds.; Springer: New York, NY, USA, 2010; pp. 19-49.

Samuelsen, O.B. Pharmacokinetics of quinolones in fish: A review. Aquaculture 2006, 255, 55-75. [CrossRef]

Toutain, P.L.; Bousquet-Melou, A. Plasma clearance. J. Vet. Pharmacol. Ther. 2004, 27, 415-425. [CrossRef] [PubMed]

Sakali, J.B. Practical Pharmacology for the Pharmacy Technician, 1st ed.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2009;
pp- 27-40.

Turk, E.; Tekeli, I.O.; Durna Corum, D.; Corum, O.; Sakin, E; Uney, K. Pharmacokinetics of tolfenamic acid after different
administration routes in geese (Anser cygnoides). ]. Vet. Pharmacol. Ther. 2021, 44, 381-387. [CrossRef] [PubMed]

Henneberger, L.; Kliiver, N.; Miihlenbrink, M.; Escher, B. Trout and human plasma protein binding of selected pharmaceuticals
informs the fish plasma model. Environ. Toxicol. Chem. 2020. [CrossRef]

Christiansen, J.S.; Roy, A.D.; Ingebrigtsen, K. Xenobiotic excretion in fish with aglomerular kidneys. Mar. Ecol. Prog. Ser. 1996,
136, 303-304. [CrossRef]

Evans, D.H.; Piermarini, PM.; Choe, K.P. The multifunctional fish gill: Dominant site of gas exchange, osmoregulation, acid-base
regulation, and excretion of nitrogenous waste. Physiol. Rev. 2005, 85, 97-177. [CrossRef] [PubMed]

Rubio, F; Seawall, S.; Pocelinko, R.; DeBarbieri, B.; Benz, W.; Berger, L.; Morgan, L.; Pao, J.; Williams, T.H.; Koechlin, B. Metabolism
of carprofen, a nonsteroid anti-inflammatory agent, in rats, dogs, and humans. J. Pharm. Sci. 1980, 69, 1245-1253. [CrossRef]
Yanez, J.A.; Remsberg, C.M.; Sayre, C.L.; Forrest, M.L.; Davies, N.M. Flip-flop pharmacokinetics—delivering a reversal of dis-
position: Challenges and opportunities during drug development. Ther. Deliv. 2011, 2, 643-672. [CrossRef]

Barron, M.G.; Tarr, B.D.; Hayton, W.L. Temperature-dependence of cardiac output and regional blood flow in rainbow trout,
Salmo gairdneri Richardson. |. Fish Biol. 1987, 31, 735-744. [CrossRef]

Windell, J.T.; Kitchell, J.E; Norris, D.O.; Notris, ].S.; Foltz, ] W. Temperature and rate of gastric evacuation by rainbow-trout,
Salmo-Gairdneri. Trans. Am. Fish. Soc. 1976, 105, 712-717. [CrossRef]

Ruma. Responsible Use of Antimicrobials in Fish Production. Responsible Use of Medicines in Agriculture (RUMA) Alliance.
2021. Available online: https:/ /www.ruma.org.uk/wp-content/uploads/2014/09/fishantimicrobialguidlineslong.pdf (accessed
on 28 April 2021).

Mathias, ET.; Fockink, D.H.; Disner, G.R.; Prodocimo, V.; Ribas, J.L.C.; Ramos, L.P,; Cestari, M.M.; de Assis, H.C.S. Effects of low
concentrations of ibuprofen on freshwater fish Rhamdia quelen. Environ. Toxicol. Pharmacol. 2018, 59, 105-113. [CrossRef]

Gravel, A.; Wilson, ].M.; Pedro, D.E; Vijayan, M.M. Non-steroidal anti-inflammatory drugs disturb the osmoregulatory, metabolic
and cortisol responses associated with seawater exposure in rainbow trout. Comp. Biochem. Physiol. C Toxicol. 2009, 149, 481-490.
[CrossRef]

Ghelfi, A.; Ribas, J.L.; Guiloski, I.C.; Bettim, F.L.; Piancini, L.D.; Cestari, M.M.; Pereira, A.].; Sassaki, G.L.; Silva de Assis, H.C.
Evaluation of biochemical, genetic and hematological biomarkers in a commercial catfish Rhamdia quelen exposed to diclofenac.
Bull Environ. Contam. Toxicol. 2016, 96, 49-54. [CrossRef]


https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-bioanalytical-method-validation_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-bioanalytical-method-validation_en.pdf
http://doi.org/10.1016/j.aquaculture.2020.734984
http://doi.org/10.1080/19440049.2020.1825827
http://doi.org/10.1080/19440049.2018.1530458
http://doi.org/10.1016/j.aquaculture.2018.10.026
http://doi.org/10.1016/j.aquaculture.2019.734510
http://doi.org/10.1111/j.1365-2885.1991.tb00830.x
http://doi.org/10.1111/j.1748-5827.1990.tb00510.x
http://doi.org/10.1002/bdd.2510110704
http://doi.org/10.1016/S0034-5288(96)90009-0
http://doi.org/10.1016/j.aquaculture.2005.12.008
http://doi.org/10.1111/j.1365-2885.2004.00605.x
http://www.ncbi.nlm.nih.gov/pubmed/15601437
http://doi.org/10.1111/jvp.12956
http://www.ncbi.nlm.nih.gov/pubmed/33598927
http://doi.org/10.1002/etc.4934
http://doi.org/10.3354/meps136303
http://doi.org/10.1152/physrev.00050.2003
http://www.ncbi.nlm.nih.gov/pubmed/15618479
http://doi.org/10.1002/jps.2600691104
http://doi.org/10.4155/tde.11.19
http://doi.org/10.1111/j.1095-8649.1987.tb05276.x
http://doi.org/10.1577/1548-8659(1976)105&lt;712:TAROGE&gt;2.0.CO;2
https://www.ruma.org.uk/wp-content/uploads/2014/09/fishantimicrobialguidlineslong.pdf
http://doi.org/10.1016/j.etap.2018.03.008
http://doi.org/10.1016/j.cbpc.2008.11.002
http://doi.org/10.1007/s00128-015-1693-3

Pharmaceutics 2021, 13, 990 10 of 10

58. Ji, K. Liu, X;; Lee, S.; Kang, S.; Kho, Y.; Giesy, ].P; Choi, K. Effects of non-steroidal anti-inflammatory drugs on hormones and
genes of the hypothalamic-pituitary-gonad axis, and reproduction of zebrafish. J. Hazard Mater. 2013, 254, 242-251. [CrossRef]
[PubMed]

59.  Kumar, V,; Roy, S. Aquaculture drugs: Sources, active ingredients, pharmaceutic preparations and methods of administration. J.
Aquac. Res. Dev. 2017, 8, 510. [CrossRef]

60. Yanong, RP.E. Use of Antibiotics in Ornamental Fish Aquaculture. Available online: https:/ /edis.ifas.ufl.edu/publication/FA0
84#:~{}:text=Mixed %20in%20food %3 A %20In%20aquaculture,0il%20as%20a%20binding %20agent (accessed on 1 June 2021).


http://doi.org/10.1016/j.jhazmat.2013.03.036
http://www.ncbi.nlm.nih.gov/pubmed/23611805
http://doi.org/10.4172/2155-9546.1000510
https://edis.ifas.ufl.edu/publication/FA084#:~{}:text=Mixed%20in%20food%3A%20In%20aquaculture,oil%20as%20a%20binding%20agent
https://edis.ifas.ufl.edu/publication/FA084#:~{}:text=Mixed%20in%20food%3A%20In%20aquaculture,oil%20as%20a%20binding%20agent

	Introduction 
	Materials and Methods 
	Chemical 
	Animals 
	Drug Administration and Sampling 
	Analytical Procedure 
	Pharmacokinetic Analysis 

	Results 
	Discussion 
	Conclusions 
	References

